
;e3eoioft@LH6TLV 6  FORMING DUAL GATE OXIDE THICKNESS ON VERTICAL
TRANSISTORS BY ION IMPLANTATION FIELD OF THE INVENTION The present
invention relates generally to fabrication of semiconductor devices, and
more specifically to methods of fabricating vertical transistors.
BACKGROUND OF THE INVENTION One way to increase chip packing density is to
make vertical transistors. However, vertical transistor fabrication
elevates the complexity of the process steps and conditions. This
complexity is magnified when vertical transistors are fabricated with
different gate oxide thicknesses for higher levels of circuitry integration
which makes the task even more challenging and demanding. U.S. Patent No.
5,757,038 to Tiwari et al. describes a self-aligned dual gate MOSFET with
an ultra-narrow channel. U.S. Patent Nos. 6,013,548 and 6,077,745 each to
Burns, Jr. et al. both describe a method of fabricating self-aligned
diffused source vertical transistors with deep trench capacitors in a
4F-square memory cell array. U.S. Patent No. 5,324,673 to Fitch et al.
describes a method of fabricating vertical transistors U.S. Patent No.
6,030,871 to Eitan describes a method of manufacturing two bit ROM cell
using an angled implant. U.S. Patent No. 6,080,682 to Ibok describes a
methodology for 



achieving dual gate oxide thicknesses. U.S. Patent No. 6,150,670 to
Faltermeier et al. describes a process for fabricating a uniform gate oxide
of a vertical transistor. 2   SUMMARY OF THE INVENTION Accordingly, it is
an object of one or more embodiments of the present invention to provide an
improved method of fabricating vertical transistors having different gate
oxide thicknesses. Another object of one or more embodiments of the present
invention to provide an improved method of fabricating vertical transistors
having different gate oxide thicknesses by the use of selective ion
implantation. A further object of one or more embodiments of the present
invention to provide an improved method of fabricating vertical transistors
having different gate oxide thicknesses by the use of selective plasma
doping. Other objects will appear hereinafter. It has now been discovered
that the above and other objects of the present invention may be
accomplished in the following manner. Specifically, a substrate having
first and second pillars is provided. The first and second pillars each
having an outer side wall and an inner side wall. At least one of the outer
or inner side walls of at least one of the first and second pillars is /
are masked leaving at least one of the outer or inner side walls of at
least one of the first and second pillars exposed. Dopants are then
implanted through the at least one of the exposed outer or inner side walls
modifying the surface of the at least one of the doped exposed outer or
inner side walls. The at least one of the masked outer or inner side walls
of at least one of the first and second pillars is / are unmasked. G ate
oxide is 3   grown on the outer side walls and the inner side walls of the
first and second pillars wherein the gate oxide grown upon the modified
surfaces of the at least one of the doped outer or inner side walls is
thicker than the gate oxide grown upon the nonmodified surfaces of the at
least one of the non-doped outer or inner side walls. 4   BRIEF DESCRIPTION
OF THE DRAWINGS The features and advantages of the present invention will
be more clearly understood from the following description taken in
conjunction with the accompanying drawings in which like reference numerals
designate similar or corresponding elements, regions and portions and in
which: 



Fig. 1 schematically illustrates in cross-sectional representation a
starting structure common to both embodiments of the present invention.
Figs. 2 to 6 schematically illustrate, in conjunction with Fig. 1, in cross
sectional representation a first preferred embodiment of the present
invention. Figs. 7 to 11 schematically illustrate, in conjunction with Fig.
1, in cross-sectional representation a second preferred embodiment of the
present invention. 5   DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
Unless otherwise specified, all structures, layers, etc. may be formed or
accomplished by conventional methods known in the prior art. Initial
Structure Fig. 1 illustrates a cross-sectional view of a substrate 10,
preferably a semiconductor silicon (Si) substrate, having first 12 and
second 14 pillars formed within NMOS and PMOS areas 16, 18, respectively.
One of the pillars 12 has a Pwell implant (P-well pillar 12 in Fig. 1
within NMOS area 16) and the other of the pillars 14 has a N-well implant
(N-well pillar 14 in the Fig. 1 within PMOS area 18). It is noted that
instead, pillar 12 may have an N-well implant within a PMOS area 16 and
pillar 14 may have a P-well implant within an NMOS area 18. Pillars 12, 14
are preferably from about 0.1 to 1.0 um thick. First and second pillars 12,
14 having capping, or hard mask, layers 20, 22 formed thereover,
respectively, to a thickness of from about 500 to 1000. First and second
hard capping layers 20, 22 are preferably formed of nitride, silicon
nitride (Si3N4), oxide, a nitride/oxide stack or a silicon nitride/oxide
stack and is more preferably formed of a rutride/oxide stack. 6   First
Embodiment - Figs. 1 and 2 to 6 The first embodiment of the present
invention is illustrated in Figs. 1, and 2 through 6 in which an ion
implantation is performed in at least part of both the first and second
pillars 12, 14. Partial Masking of First and Second Pillars 12~ As shown in
Fig. 2, first and second masks 22, 24 are formed over at least part of
first and second pillars 12, 14, respectively. Fig. 2 illustrates having:
first mask 22 formed over the outer side wall 26 of P-well pillar 12 and a
portion of first capping layer 20; and second mask 24 formed over the outer
side wall 28 of Nwell pillar 14 and a portion of second capping layer 22.
First and second masks 22, 24 are preferably formed of deep ultraviolet
(DUV) photoresist. Tilt/Angular Ion Implantation or Remote Plasma Doping of
Exposed Portions of First and Second Pillars 12, 14 



In a key step of the invention, dopants 29, 31 are then implanted into the
exposed inner side walls 34, 36 of partially masked P-well and N-well
pillars 12, 14, respectively, and a portion of substrate 10 adjacent
exposed inner side walls 34, 36 by preferably either a wide tilt/angular
ion implantation or remote plasma doping 30, 32. It is noted that the
remote plasma doping technique can be better 7   than the alternate tilt /
angular ion implantation due to non-dependency to features aspect ratio and
layout density. Dopants 29, 31 are preferably Si, O, N, Ge, Ar or F and are
more preferably Ar or F. The concentration of dopants 29, 31 is preferably
from about 0.1 X 10's to 2 X 10'S atoms / cm2 and is more preferably about
1 X 10' S atoms / cmz. Dopants 29, 31 are preferably implanted from about
10 to 30~ beneath the respective surfaces and are more preferably implanted
about 10~ beneath the respective surfaces. The intention of doping 30, 32
the selected exposed Si side walls 34, 36 and the respective adjacent
portions of Si substrate 10 is to modify the Si surfaces so that they
possess different surface energies as well as different interfaces from the
undoped Si surfaces for the subsequent silicon oxide (Si02 or just oxide)
growth (see below). Removal of First and Second Masks 22, 24 As shown in
Fig. 4, first and second masks 22, 24 are removed from first and second
pillars 12, 14, respectively. Thermal Oxidation to Grow Gate Oxide Portions
40, 44; 42, 46 As shown in Fig. 5, a thermal oxidation process is used to
grow first and second thinner gate silicon oxide (gate oxide) portions 40,
42 on the previously 8   masked outer side walls 26, 28 et al. of first and
second pillars 12, 14, respectively, and first and second thicker gate
silicon oxide portions 44, 46 over doped inner side walls 34, 36 of first
and second pillars 12, 14, respectively. The thermal oxidation may be
carried out using either a furnace or a rapid thermal system. As noted
above, the doping 29, 31 of the selected exposed side walls 34, 36 et al.
of Si modified the Si surfaces so that they possessed different surface
energies as well as different interfaces from the undoped Si surfaces, e.g.
i.e. outer side walls 26, 28 et al., for this gate oxide growth. This
provides the difference in thicknesses between thinner gate oxide portions
40, 42 and thicker gate oxide portions 44, 46 formed on first and second
pillars 12,14, respectively. 



Thinner gate oxide portions 40, 42 are preferably from about 20 to 100
thick, more preferably from about 20 to 50~ thick and most preferably from
about 20 to 30r thick. Thinner gate oxide portions 40, 42 may be grown as
thin as from about 10 to 201. Thicker gate oxide portions 44, 46 are
preferably from about 30 to 1001 thick, more preferably from about 30 to
601 thick and most preferably from about 40 to 50A thick. Thicker gate
oxide portions 44, 46 may be grown as thin as from about 30 to 40~ and as
thick as from about 60 to 2001. 9   Removal of Capp~g La, e~,
22/Self-Aligned Source/Drain Formation As shown in Fig. 6, first and second
capping layers 20, 22 are removed from first and second pillars 12, 14,
respectively, exposing the top surfaces 47, 49 of first and second pillars
12,14, respectively. Source implants 50, 52 are formed by self-aligned ion
implantation through the exposed top portions 47, 49 of first and second
pillars 12, 14. Drain implants 54, 56 are formed by self-aligned ion
implantation at the base of, and extending from, first and second pillars
12,14, respectively. Gate regions 60, 62 are then formed proximate the
thinner gate oxide portions 40, 42 and thicker gate oxide portions 44, 46,
respectively, of first and second pillars 12, 14, respectively. Gate
regions 60, 62 are preferably comprised of polysilicon, doped polysilicon
(for control of the gate work function), tungsten, tungsten-silicon alloys,
or aluminum and are more preferably doped polysilicon (for control of the
gate work function). This completes the fabrication of two vertical
transistors, NMOS transistor 70 and PMOS transistor 72, each having
differing gate oxide 40, 44; 42, 46, respectively, thicknesses. Second
Embodiment - Figs. 1 and 7 to 11 The second embodiment of the present
invention is illustrated in Figs. 1, and 7 through 11 in which an ion
implantation is performed in only one of the 10   



first and second pillars 12, 14. Although figs. 7 through 11 illustrate
performing an ion implantation only into second N-well pillar 14, it is
possible to perform an ion implantation only into first P-well pillar 12.
Masking of First or Second Pillars 12,14 As shown in Fig. 7, one of first
and second pillars 12, 14 is completely masked by mask 100. Figs. 7 through
11 illustrate masking first P-well pillar 12 with mask 100, although second
N-well pillar 14 could be likewise masked in accordance with the teachings
of the present invention. Mask 100 is formed over at least the side walls
102 of first pillar 12 with the side walls 102 and second capping layer 22
of second pillar 14 being left exposed. Fig. 7 illustrates mask 100 also
being formed over first capping layer 20. Mask 100 is preferably formed of
DUV resist. Tilt / Angular Ion Implantation or Remote Plasma Doping of
Exposed Portions of Second Pillar 14 In a key step of the invention,
dopants 106 are then implanted into the exposed side walls 104 of second
N-well pillar 14 and a portion of substrate 10 adjacent exposed side walls
104 of second N-well pillar 14 by preferably either a tilt / angular ion
implantation or remote plasma doping 108. It is noted that the remote
plasma doping technique can be better than the alternate tilt / angular ion
implantation due to non-dependency to features aspect ratio and layout
density. 11   Dopants 106 are preferably Si, O, N, Ge, Ar or F and are more
preferably Ar or F. The concentration of dopants 106 is preferably from
about 0.1 X 10'5 to 2 X 10'5 atoms / cm3 and is more preferably about 1 X
1015 atoms / cm3. Dopants 106 are preferably implanted from about 10 to 301
beneath the respective surfaces and are more preferably implanted about 10~
beneath the respective surfaces. 



The intention of doping 108 the exposed Si side walls 104 and the
respective adjacent portions of Si substrate 10 is to modify the Si
surfaces so that they possess different surface energies as well as
different interfaces from the undoped Si surfaces for the subsequent gate
silicon oxide (SiOZ or just gate oxide) growth (see below). Removal of Mask
100 As shown in Fig. 9, mask 100 is removed from first P-well pillar 12.
Thermal Oxidation As shown in Fig. 10, a thermal oxidation process is used
to grow: (1) thinner gate oxide portions 110 on the previously masked first
pillar 12 side walls 202 and a portion of substrate 10 adjacent first
pillar 12 side walls 102; and (2) thicker gate oxide portions 112 over
doped second pillar 14 side walls 104 and a portion of substrate 10
adjacent second pillar side walls 104. 12   As noted above, the doping 108
of the exposed Si side walls 104 and the respective adjacent portions of Si
substrate 10 modified those Si surfaces so that they possessed different
surface energies as well as different interfaces from the undoped Si
surfaces, first pillar side walls 102 and the respective adjacent portions
of Si substrate 10 for this gate oxide growth. This provides the difference
in thicknesses between thinner gate oxide portions 110 and thicker gate
oxide portions 112 formed on first and second pillars 12,14, respectively.
Thinner gate oxide portions 110 are preferably from about 20 to 100 thick,
more preferably from about 20 to 501 thick and most preferably from about
20 to 301 thick. Thinner gate oxide portions 110 may be grown as thin as
from 0 about 10 to 20A. Thicker gate oxide portions 112 are preferably from
about 30 to 100g thick, more preferably from about 30 to 60~ thick and most
preferably from about 40 to 50~ thick. Thicker gate oxide portions 112 may
be grown as thin as from about 30 to 401 and as thick as from about 60 to
200. Removal of Capping Layers 20, 22/Self-Aligned Source/Drain Formation
As shown in Fig. 11, first and second capping layers 20, 22 are removed
from first and second pillars 12, 14, respectively, exposing the top
surfaces 47, 49 of first and second pillars 12,14, respectively. Source
implants 50, 52 are formed by self-aligned ion implantation 



through the exposed top portions 47, 49 of first and second pillars 12, 14.
Drain 13   implants 54, 56 are formed by self-aligned ion implantation at
the base of, and extending from, first and second pillars 12, 14,
respectively. Gate regions 60 are formed proximate the thinner gate oxide
portions 110 of first pillar 12, and gate regions 62 are then formed
proximate the thicker gate oxide portions 112 of second pillar 14. Gate
regions 60, 62 are preferably comprised of polysilicon, doped polysilicon
(for control of the gate work function), tungsten, tungsten-silicon alloys,
or aluminum and are more preferably doped polysilicon (for control of the
gate work function). This completes the fabrication of two vertical
transistors, NMOS transistor 120 and PMOS transistor 122, having differing
gate oxide 110, 112, respectively, thicknesses. Advantages of the Invention
The advantages of one or more embodiments of the present invention include:
1) the formation of dual gate oxide on vertical transistors; or 2) the use
of a remote plasma doping technique. While particular embodiments of the
present invention have been illustrated and described, it is not intended
to limit the invention, except as defined by the following claims. 14
CLAIMS We claim: 



1. A method of structures having dual gate oxide thicknesses, comprising
the steps of: providing a substrate having first and second pillars; the
first and second pillars each having an outer side wall and an inner side
wall; 5 masking at least one of the outer or inner side walls of at least
one of the first and second pillars leaving at least one of the outer or
inner side walls of at least one of the first and second pillars exposed;
implanting dopants through the at least one of the exposed outer or inner
side walls modifying the surface of the at least one of the doped exposed
outer or 10 inner side walls; unmasking the at least one of the masked
outer or inner side walls of at least one of the first and second pillars;
and growing gate oxide on the outer side walls and the inner side walls of
the first and second pillars wherein the gate oxide grown upon the modified
surfaces of 15 the at least one of the doped outer or inner side walls is
thicker than the gate oxide grown upon the non-modified surfaces of the at
least one of the non-doped outer or inner side walls. 2. The method of
claim 1, wherein the substrate and the first and second pillars are
comprised of silicon and the grown gate oxide is silicon oxide. 15   3. The
method of claim 1, wherein the dopants are selected from the group
consisting of Si, O, N, Ge, Ar and F. 



4. The method of claim 1, wherein the dopants are selected from the group
consisting of Ar and F. 5. The method of claim 1, wherein the dopants are
implanted by a method selected from the group consisting of a tilt/angular
ion implantation method and a remote plasma doping method. 6. The method of
claim 1, wherein the dopants are implanted by a remote plasma doping
method. 7. The method of claim 1, wherein the dopants are implanted at a
concentration of from about 0.1 X 10'5 to 2 X 10'5 atoms/cm2. 8. The method
of claim 1, wherein the dopants are implanted at a concentration of about 1
X 10'S atoms/cm2. 9. The method of claim 1, wherein the dopants are
implanted from about 10 to 30~ beneath the surface of the at least one of
the doped outer or inner side walls. 10. The method of claim 1, wherein the
dopants are implanted about 10A beneath the surface of the at least one of
the doped outer or inner side walls. 16   11. The method of claim 1,
wherein capping layers are formed over each of the first and second pillars
before the masking step. 12. The method of claim 1, wherein capping layers
are formed over each of the first and second pillars before the masking
step; the capping layers being formed from a material selected from the
group consisting of nitride, silicon nitride (Si3N,~), oxide, a
rutride/oxide stack and a silicon rutride/oxide stack. 13. The method of
claim 1, wherein the gate oxide grown upon the modified surfaces of the at
least one of the doped outer or inner side walls has a thickness of from
about 30 to 100 and the gate oxide grown upon the non-modified surfaces of
the at least one of the non-doped outer or inner side walls has a thickness
of from about 20 to 100. 14. The method of claim 1, wherein the gate oxide
grown upon the modified surfaces of the at least one of the doped outer or
inner side walls has a thickness of from about 30 to 60~ and the gate oxide
grown upon the non-modified surfaces of the at least one of the non-doped
outer or inner side walls has a thickness of from about 20 to 501. 15. The
method of claim 1, wherein gate regions are formed over the gate oxide. 



16. The method of claim 1, wherein the outer side walls of the first and
second pillars are masked, leaving the inner side walls of the first and
second pillars exposed. 17   17. The method of claim 1, wherein the inner
and outer side walls of one of the first and second pillars are masked,
leaving the inner and outer side walls of the other pillar exposed. 18. A
method of structures having dual gate oxide thicknesses, comprising the
steps of: providing a substrate having first and second pillars; the first
and second pillars each having an outer side wall and an inner side wall; 5
masking the outer side walls of the first and second pillars, leaving the
inner side walls of the first and second pillars exposed; implanting
dopants through the exposed inner side walls of the first and second
pillars modifying the surface of the inner side walls; unmasking the outer
side walls of the first and second pillars; and 10 growing gate oxide on
the outer side walls and the inner side walls of the first and second
pillars wherein the gate oxide grown upon the modified surfaces of the
doped inner side walls is thicker than the gate oxide grown upon the non
modified surfaces of the outer side walls of the first and second pillars.
19. The method of claim 18, wherein the substrate and the first and second
pillars are comprised of silicon and the grown gate oxide is silicon oxide.



20. The method of claim 18, wherein the dopants are selected from the group
consisting of Si, O, N, Ge, Ar and F. 21. The method of claim 18, wherein
the dopants are selected from the group consisting of Ar and F. 18   22.
The method of claim 18, wherein the dopants are implanted by a method
selected from the group consisting of a tilt/angular ion implantation
method and a remote plasma doping method. 23. The method of claim 18,
wherein the dopants are implanted by a remote plasma doping method. 24. The
method of claim 18, wherein the dopants are implanted at a concentration of
from about 0.1 X 10'5 to 2 X 10'5 atoms/cmz. 25. The method of claim 18,
wherein the dopants are implanted at a concentration of about 1 X 10'5
atoms/cm2. 26. The method of claim 18, wherein the dopants are implanted
from about 10 to 301 beneath the surface of the doped inner side walls. 27.
The method of claim 18, wherein the dopants are implanted about 10A beneath
the surface of the doped inner side walls. 28. The method of claim 18,
wherein capping layers are formed over each of the first and second pillars
before the masking step. 29. The method of claim 18, wherein capping layers
are formed over each of the first and second pillars before the masking
step; the capping layers being formed 



19   from a material selected from the group consisting of nitride, silicon
nitride (Si3N4), oxide, a rutride/oxide stack and a silicon nitride/oxide
stack. 30. The method of claim 18, wherein the gate oxide grown upon the
modified surfaces of the doped inner side walls has a thickness of from
about 30 to 100 and the gate oxide grown upon the non-modified surfaces of
the non-doped outer side walls has a thickness of from about 20 to 1001.
31. The method of claim 18, wherein the gate oxide grown upon the modified
surfaces of the doped inner side walls has a thickness of from about 30 to
601 and the gate oxide grown upon the non-modified surfaces of the
non-doped outer side walls has a thickness of from about 20 to 50~ (both
more preferred) 32. The method of claim 18, wherein gate regions are formed
over the gate oxide. 33. A method of structures having dual gate oxide
thicknesses, comprising the steps of: providing a substrate having first
and second pillars; the first and second pillars each having an outer side
wall and an inner side wall; 5 masking the inner and outer side walls of
one of the first and second pillars leaving the inner and outer side walls
of the other pillar exposed; implanting dopants through the exposed inner
and outer side walls side walls of the other pillar modifying the surface
of the inner and outer side walls side walls of the other pillar; 10
unmasking the inner and outer side walls of the one pillar; and 20
growing gate oxide on the inner and outer side walls of the first and
second pillars wherein the gate oxide grown upon the modified surfaces of
the doped inner and outer side walls side walls of the other pillar is
thicker than the gate oxide grown upon the non-modified surfaces of the
inner and outer side walls of the one 



15 pillar. 34. The method of claim 33, wherein the substrate and the first
and second pillars are comprised of silicon and the grown gate oxide is
silicon oxide. 35. The method of claim 33, wherein the dopants are selected
from the group consisting of Si, O, N, Ge, Ar and F. 36. The method of
claim 33, wherein the dopants are selected from the group consisting of Ar
and F. 37. The method of claim 33, wherein the dopants are implanted by a
method selected from the group consisting of a tilt/angular ion
implantation method and a remote plasma doping method. 38. The method of
claim 33, wherein the dopants are implanted by a remote plasma doping
method. 39. The method of claim 33, wherein the dopants are implanted at a
concentration of from about 0.1 X 10'5 to 2 X 10'5 atoms/cm2. 21   40. The
method of claim 33, wherein the dopants are implanted at a concentration of
about 1 X 101S atoms/cmz. 41. The method of claim 33, wherein the dopants
are implanted from about 10 to 30~ beneath the surface of the doped inner
and outer side walls of the other pillar. 42. The method of claim 33,
wherein the dopants are implanted about 10~ beneath the surface of the
doped inner and outer side walls of the other pillar. 43. The method of
claim 33, wherein capping layers are formed over each of the first and
second pillars before the masking step. 



44. The method of claim 33, wherein capping layers are formed over each of
the first and second pillars before the masking step; the capping layers
being formed from a material selected from the group consisting of nitride,
silicon nitride (Si3N4), oxide, a nitride/oxide stack and a silicon
nitride/oxide stack. 45. The method of claim 33, wherein the gate oxide
grown upon the modified surfaces of the doped inner and outer side walls of
the other pillar has a thickness of from about 30 to 1001 and the gate
oxide grown upon the non-modified surfaces of the non-doped inner and outer
side walls of the one pillar has a thickness of from about 20 to 100. 46.
The method of claim 33, wherein the gate oxide grown upon the modified
surfaces of the doped inner and outer side walls of the other pillar has a
thickness of from about 30 to 60A and the gate oxide grown upon the
non-modified surfaces 22   of the non-doped inner and outer side walls 12
of the one pillar 12 has a thickness of from about 20 to 501. 47. The
method of claim 33, wherein gate regions are formed over the gate oxide. 23
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